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Introduction
Total hip and knee replacement has become one of the most common surgical treatments among elderly people [1, 2] . According to the data collected on total joint replacements surgery, it is estimated that by the end of 2030, the number of total hip replacements will rise by 174% (i.e., 572,000 procedures) and total knee arthroplasties is projected to grow by 673% from the present rate (i.e., 3.48 million procedure) [1] . Comparing to the mostly used orthopaedic material, namely Ti6Al4V, in the past few decades, equiatomic NiTi alloy exhibits unique shape memory effect and lower modulus (e.g. 70-110 GPa in parent B2 austenite) which are beneficial in accelerating bone healing and reducing bone shielding effects [3] .Therefore, it has been recently recommended as a potential material for joint replacement applications [4, 5] . Although NiTi possess the desirable properties over Ti6Al4V, it
is not yet used in fabricating load-bearing implants that will be subjected to wear due to the concern of its high Ni content, i.e., the resulting Ni-rich wear debris might invoke an inflammatory and immunological response [6] . One effective method to solve the above-mentioned problem is to create a stable and hard layer on NiTi surface. It has been reported previously in the literature that NiTi can react with nitrogen to form TiN layer [3, [6] [7] [8] . TiN is well known to possess excellent biocompatibility, high hardness and good corrosion resistance [9] [10] [11] [12] . Furthermore, TiN has been accepted by the U.S. food and Drug administration for medical applications such as coatings for cardiovascular, dental prostheses and orthopaedic implants [13] [14] [15] .
Various surface treatments methods to create the TiN surface film/layer have been reported such as ion implantation [16] , arc ion plating [17] , pulsed high-energy density plasma [18, 19] , chemical vapour deposition (CVD) [20] , physical vapour deposition (PVD) [21] and power immersed reaction assistant coating nitriding method [22] . Nevertheless, all of these methods have their own drawbacks, such as the workpiece needs pre-heating, or the surface nitride film can easily peel off. Regarding the pre-heating in most of these methods, the substrate bulk temperature reaches above 400 °C. When the temperature is too high, phase changes will take place and cause undesirable effects on the mechanical properties of the NiTi implants. In addition, the coatings that are formed on the whole surface are brittle [23] . Another disadvantage is that the depth of the coatings layer is restricted by the diffusivity of the nitrogen into the substrate. Moreover, the surface nitride film may have structure defects (i.e. pinholes, cracks and porosities) which can affect the wear performance and corrosion resistance of NiTi. With this in mind, laser gas nitriding (LGN) is an attractive method to create a TiN layer on NiTi surface. It can form an atomically intermixed layer between metallic substrate and TiN without causing over-heating in the substrate, i.e., only the surface of limited depth is heated by laser. It can also eliminate the peel-off problems because the TiN is metallurgically bonded with the substrate [24] .
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The typical depth of nitrided surface layers can be created from a few microns to a few hundred microns which depends on the type of laser. Since the first work of LGN on NiTi reported by Man et al. [7] , the progress in the field has been impeded because of (1) the undesirable changes in surface roughness after LGN and (2) the re-melting of the previously-formed nitride track during the nitriding process. In the LGN, a fully-covered nitride surface is created by overlapping the laser beam with the adjacent previously-irradiated region, and thus, re-melting of the previously-formed nitride track is inevitable. Re-melting might result in a nitride layer with inhomogeneous mechanical properties between nitride tracks because mechanical properties of the nitride layer is strongly dependent on the melting conditions [24] . Until recently, an improved version of
LGN method called laser diffusion nitriding is recently developed by the present authors [8] .
In this method, surface roughening due to surface melting is avoided via carefully selecting the laser processing parameters in low energy regime. However, the problem of re-treating the previously-formed nitride track during the laser nitriding process is still there.
Laser diffusion nitriding on NiTi is still a new technique in the development stages. As a result, within this work, a systematic two-step optimization approach was conducted to perform the diffusion nitriding on NiTi surfaces. Firstly, appropriate set of laser parameters (namely laser power, scanning speed and spot diameter) was determined by an L9 Taguchi experiment [25] [26] [27] . The design objective was to identify the optimal parameter set to create the TiN with highest aspect ratio (thickness to depth) and minimal surface roughening effect.
Secondly, the idea of selective area nitriding was attempted to minimize the problem of retreating the previously-formed nitride track. This was done by selectively irradiating the NiTi surface by laser to create a surface with different coverage ratios, i.e. controlling the ratio between the nitrided and non-nitrided surfaces. The microstructure and surface profiles of the optimized nitride surface was characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD), and 3-D profile measurement, respectively. The wear resistance of nitrided surfaces with different coverage ratios were then evaluated using reciprocating wear testing against ultra-high-molecular-weight polyethylene (UHMWPE) in simulated body fluid, i.e., Hanks' solution, and the results were then compared with that of the fully covered surface.
Experimental technique
Application of the Taguchi Experimental Design
In this work, a Taguchi orthogonal array design L9 experiment under controlled nitrogen environment was conducted to optimise the nitriding process. The design objective was to obtain the nitride layer with maximum track width in non-melted condition. The width of A C C E P T E D M A N U S C R I P T
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laser-nitrided track was acquired using an image processing program: ImageJ (an image analysis software). There are many parameters related to the process of laser gas nitriding.
For instances, laser power, scanning speed, beam diameter, focal distance and nitrogen gas flow rate. Among which, laser power, scanning speed and beam diameter are reported to be most influential to affect the nitride quality, and thus, they were selected as the control factors.
The control factors were varied at three levels which are presented in Table 1 . They were chosen based on the results of the preliminary tests, i.e., selecting the laser parameters to produce nitride tracks in the non-melted condition. Three replicates were performed for each experimental condition to ensure the repeatability.
Since the design objective was to obtain the maximum track width, the-larger-the-better signal to noise ratio (S/N) was applied in order to control the response and reduce the variance. Equation (1) is usually used to calculate the S/N ratios for the-larger-the-better [27] , which enabled one to maximize the response (aspect ratio) in the present study.
Where is S/N ratio, n is the number of replication and y i represents the observed data. Analysis of Variance (ANOVA) is a useful statistical method associated with Taguchi experiment to determine the data variability. The effects of the laser gas nitriding parameters on the design objective were analysed by using MiniTab 17.
Material
A 250 mm x 250 mm NiTi plate (Ti-50.8 at% Ni) with a thickness of 5 mm. The NiTi was then sparked cut in the dimensions of 40 mm x 30 mm x 5mm for laser nitriding experiment.
Before the experiment, the surface of the plate were ground with a series of SiC paper from 120 to 1200 grits to remove the pre-existing surface oxides and to ensure surface homogeneity. The samples were then ultrasonic cleaned in ethanol bath for 10 mins, rinsed in distilled water, and dried thoroughly in a cold air stream.
Laser Gas Nitriding Procedures
A 100 W CW fiber laser (SP-100C-0013 provided by SPI and A&P Co., Ltd, UK) with output wavelength of 1091 nm was used in the laser nitriding experiment. The samples were processed in a specific gas chamber containing high purity N2 gas (99.99%). The gas flow rate was controlled at 40 L/min.
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Selective area laser nitriding
To control the surface coverage ratio, two different hatch patterns, namely 1 mm (H1) and 3 mm (H3) between the nitride tracks were used in the nitriding process. The laser scanning patterns are shown in Figure 1 . The nitrided surface with different hatch pattern was captured by an optical microscope and the total nitrided area was then measured by using ImageJ (see Figure 2b ).
Microstructural Analysis
Standard metallurgical procedures were used to prepare samples for microstructure analysis.
The cross-section of samples were polished with 1μm diamond paste for 5 minutes and the surface was swabbed by the etching reagent (HF 10%, HNO 3 40%, H 2 O 50%) within 15 seconds. The cross-sectional microstructure was captured by scanning electron microscope (SEM, JEOL Model JSM-6490, USA) and the phase of the surface nitride was identified by X-ray diffraction (XRD, Bruker D8 Advance, USA)
The parameters were set at 40kV and 25mA using Cu Kα radiation with a scanning rate of 1° min -1 and the range of 2θ angles was from 20° to 90°.
Surface Characterization
Surface roughness R a of the laser-nitrided and untreated samples were measured and compared by a non-contact surface profilometery (IFM G4 System, Alicona, Austria) with surface map software. The 3D CCI profiler was set up using a 5x resolution probe at a working distance of 20 mm. The set-up parameters for the 3D profile measurement are given as follows: size = 3 mm x 4 mm, standard implemented = ISO 4287.
Wear Resistance
Reciprocating wear tests were employed to evaluate the wear properties of nitride and untreated NiTi samples against UHMWPE. Linearly reciprocating pin-on-plate sliding test was performed with Hanks' solution as a simulated body fluid in the ambient environment (TE99 Universal Wear Machine, Phoenix Tribology, UK) as described previously [28] .
Briefly, The nitrided and untreated plate were located on a turntable driven at a constant speed of 0.12 m/s and UHMWPE pin was loaded at a contact stress of around 2 MPa by means of static weights. The friction force was recorded by the computer and converted it into friction coefficient data. The average specific wear rate of UHMWPE, nitrided and untreated surface were calculated using the Archard equation [29] given in Equation (2).
(2)
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The wear factors for the nitrided and untreated surfaces were obtained. The results were taken from the average of three repetitive tests with the standard deviation for comparing each type of samples. After the wear tests, the wear tracks were observed under an optical microscope were compared. All values are expressed as means ± standard errors, and P value is smaller than 0.05 was considered as significant difference.
Results and Discussions
Analysis of Variance (ANOVA)
The width of laser-nitrided track and the S/N ratio for nine experiments are calculated and listed in Table 2 . The graphical results of different laser parameters with 3 different levels are shown in Figure 3 . The maximum average S/N ratio is the corresponding optimum parameter level to the smaller variance of the output characteristics around the desired value [27] . As a result, the largest width of laser track can be produced using the following parameter combination which are laser power at level 2 (90W), the scanning speed at level 1 (1 mm/s) and the beam diameter at level 3 (2.2 mm). The finding agreed very well with the pervious study [28] . Statistically, F test was used to observe which processing parameters have a significant effect on the responses of aspect ratio or the output characteristic [30] . Table 3 shows the results for the ANOVA analysis for the different laser parameters. It was found that both the laser power and scanning speed were the significant factors to affect the nitriding process, followed by the beam diameter. The percentage contribution of laser power and scanning speed were 30.54% and 30.29% while the beam diameter accounted for 21.68%
respectively. The error contribution was 17.48% in the Taguchi experiment which was within an acceptable range. Delta statistics in Table 4 is the additional expression of the parameter importance for the response. Delta statistics measures the effectiveness of output characteristic by taking the difference between the highest average and lowest average value for each response characteristic [31] . The process parameter are ranked from highest effect to lowest effect due to the delta values. Similar to the ANOVA results, delta values of laser power and scanning speed are higher than that of the beam diameter, indicating both of them are the influencing parameter.
Microstructure Analysis
The cross-section SEM micrograph of TiN layer is shown in Figure 4 . It shows that the thickness of the uniform TiN layer was around 1.6 μm. Bernard et al. [32] found that the coating with thickness around 1 μm could have significant effect on Ni ion release reduction.
The XRD patterns of the optimized laser nitrided and untreated surface are shown in Figure 5 . 
Surface Profile Analysis
In the present study, the variations in surface roughness become less apparent when comparing with the polished sample (Figure 6a ) with the laser nitrided samples (Figure 6b-d) .
It can be deduced that the optimized laser nitriding process gave low temperature and energy input to the sample surface, and the nitrided samples had considerably similar surface with the highest maximum peak heights (H1) of 2.29 ± 0.95 μm comparing with the polished sample which had maximum peaks heights of 1.15 ± 0.17 μm. Due to the slight increase in maximum peak heights over the laser nitrided samples, the highest surface roughness (324.59 ± 23.27 nm) was being obtained with 1 mm hatch sample (H1) as well. It can be observed from the Table 5 that the patterned samples (H1 and H3) had larger surface roughness values in comparison to the polished sample and wholly nitrided sample (WN). This can be attributed to the hatch patterns which had discrete TiN coating and untreated surface of the sample following the single pass of the laser beam which induced a periodic pattern causing a slight increase of surface roughness. However, the WN sample was irradiated more by the laser giving rise to an increase of surface area being coated with more homogenous TiN layer without any uncoated surface. That is, on account of significantly more TiN formation taking place, the WN sample had slightly increased of surface roughness R a and maximum peaks heights which had increase around 29 nm and 0.15 μm.
Wear Resistance
Wear resistance of the NiTi articulating implants is an important factor for its service life in hard tissue replacement [22, 33] . Billions of microscopic particles can be created during the movement of artificial joints. Titanium nitride is becoming one of the most widely used wear resistant materials which, formed on the Ti alloys' surface, could reduce cracking and spallation and avoid the rapid failure during the motion [34, 35] . On account of this, it is an attractive material which has contributed to the enhancement of wear resistance. Nolan et al. [35] found that the TiN coated Ti-6Al-4V could minimize the wear under all normal loads situation and demonstrate the beneficial effect of Ti-6Al-4V substrate hardening. are typical for TiN coatings sliding against UHMWPE [36] . Both wholly and partially nitrided samples were not worn off too much due to the friction coefficient of these samples were not at the same level with that of polished sample at the final stage. Therefore, the wear resistance of wholly and partially nitrided NiTi was better than that of polished NiTi as the lower friction coefficient and wear factor (see Figure 7 and 8). worn off and more roughened surface can be observed. However, the wholly nitrided sample only presented few shallow sliding tracks without any cracks, flakes or fragmentation in the worn zone which support the improvement in the anti-wear properties of NiTi samples by the laser nitriding. This can be ascribed to the formation of a hard surface layer on top of the NiTi and this behavior also can be attributed to high coating toughness which was confirmed by qualitative indentation tests conducted in our previous research [28] . In addition, the higher wear rate on the polished NiTi (smoothest sample, see table 5) compared to the partially nitrided samples (rougher samples) can be explained in the following approach. The same condition with same amount of energy is dissipated in the wear test, the large amount of the energy is used for asperity deformation and laser induced patterning ridges deformation on the rougher samples (H1 and H3 samples), whilst almost all energy was used for the grooves and craters formation on the polished sample surface. The difference in the wear rates
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resulted in different wear mechanisms of each tested samples. The abrasion was the dominant wear mechanism on the smoothest sample (i.e. polished sample), whilst ridge deformation and mild abrasion were performed on the rougher samples (i.e. WN, H1 and H3 samples).
Moreover, an adhesive wear is not considered as a major wear mode due to the mild loading and low contact pressure applied (i.e. around 2 MPa). Although the Hanks' solution (Cl -ion contained) was used as simulated body fluid in the wear test and it might induce pitting attack to the tested sample surface, no pitting was observed from both polished and nitrided samples.
So the corrosive wear cannot be classified in the current wear mode.
For the case of UHMWPE, the reduction in the wear factors by the laser nitriding is even more evident (i.e. 68.26 % (H3 sample), 84.51 % (H1 sample) and 96.61 % (WN sample)). It is related to the wear resistant properties improvement of the counter surface. According to the previous studies of Ti-based alloys (i.e. Pure Ti and Ti-6Al-4V) sliding against UHMWPE, various surface treatments were implemented to enhance the wear performance of both sliding materials in the tribosystem, such as oxygen diffusion [37] , thermal oxidation [37] or ion implantation [38] . Although the wear mechanism were different, the main reasons related to the wear resistant improvement in the above-mentioned studies are the formation of hard surface layer and the wettability of the target materials enhanced [29, 38] . Consequently, the enhanced efficiency of lubrication relates to the presence of pressed water film between the tribological pair, this film results in low wear rate and low friction coefficient for both titanium metallic surface and UHMWPE. From the previous study [28] , the wettability of the NiTi is improved by the laser nitriding as a result of nitride film formed on the surface and is mainly responsible for the reduced wear factor of UHMWPE. Overall, the laser formed TiN layer is ultimately responsible for the improved wear resistance of the tribopair composed of NiTi and UHMWPE. What is more, whilst laser gas nitriding did give rise to an enhancement in wear resistance of the substrate, there have been an evidence to suggest that there is a correlation between the promotion of wear resistance and the percentage of TiN coverage (see Figure 8 ). It is obvious that the laser processing time was increasing, the percentage of TiN coverage was also increasing as well as the significant improvement of wear resistance.
However, in the view of manufacturing efficiency, the production for fully nitrided surface consumes many resources, namely time, electricity and nitrogen gas. Consequently, the partially nitrided surface might be an alternative solution which could balance the advantage of manufacturing efficiency and the wear resistance enhancement. The H1 sample with 76%
TiN coverage might be the optimal condition for the artificial joint due to it could save 59% of laser processing time comparing with that of the fully nitrided sample (WN sample) and the reduction in the wear factor of H1 sample was over 80% on average for both tribopair surface. However, the existing findings should be carefully applied in the deduction to orthopaedic prostheses. The loading force employed, the type of experimental set-up, the
testing condition and the length of experimentation do not fully correspond to those experienced by artificial joints (e.g. hip joints, knee joints) inside the body. On account of this, more relevant experimentation is necessary and further work should be continued in this area to further ascertain the feasibility in orthopaedic applications.
Conclusions
Through the Taguchi optimization of laser diffusion gas nitriding it has been shown that a uniform modification of the surface topography and surface properties can be brought about in NiTi. That is, by using a simple but effective hatch pattern, a fibre laser can create variations in TiN coverage as well as small changes of surface roughness of up to 325 nm, giving rise to an enhancement of the wear characteristics. Hence, the following conclusions could be drawn:
1. With the nitrogen gas flow rate fixed at 40 L/min in the Taguchi optimization study, the optimal laser power was found to be 90 W, laser scanning speed and the beam diameter are 1 mm/s and 2.2 mm respectively which is to create a uniform and non-roughen TiN layer on NiTi surface.
2. The partially nitrided sample with 76% TiN coverage may be an alternative suggestion for the surface hardening and wear resistance enhancement of the artificial joint comparing with fully nitrided method due to 59% of laser processing time being saved.
With an aging worldwide population there is an ever growing demand for a higher quality of life. As a result of this, the need is ever increasing for new technologies which can be beneficial for the biomedical industries and this demand is very much seen in the field of orthopaedic replacements. On account of precision and the ease of automation of the fibre laser gas nitriding process discussed here, it can be seen as an attractive and effective means for modifying NiTi articulating implant materials and improving the tribological properties of tribo-pairs.
Acknowledgement
The work was supported by the visiting research associateship provided by the School of A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T Total mean of S/N ratio = 2.20; *Optimized level of parameters A C C E P T E D M A N U S C R I P T A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
ACCEPTED MANUSCRIPT
NiTi shape memory alloy with enhanced wear performance by laser selective area nitriding for orthopaedic applications
Research Highlights
 L9 Taguchi experiment employed to optimize laser gas nitriding process.
 Laser gas nitriding of NiTi gave rise to enhanced wear characteristics.
 Laser surface engineering applied to enhance surface properties of biomaterials.
